In this paper we study the corrosion of AISI 304 austenitic stainless steel PEMFC bipolar plates in aqueous and room-temperature ionic-liquid electrolytes. The anodic potential thresholds and dynamics have been investigated by electrochemical (potentiodynamic and potentiostatic) and in situ spectroelectrochemical methods (visible electroreflectance and VIS-UV spectroellipsometry). We measured the values of damage potentials and we followed the time evolution of corrosion current and reflectivity above and below the pitting potential, obtaining an accurate characterisation of the surface conditions under oxidative attack. The ability of AISI 304 to repassivate in Cl -containing aqueous solution as well as the amount of residual surface damage have been assessed quantitatively by following electrode reflectivity under applied potential. Outstanding inertness of AISI 304 in [BMP][TFSA] was proved. The results of this work show that low-cost AISI 304 is a promising interconnect material for both Nafion-and RTIL-based PEMFCs.
INTRODUCTION
Bipolar plates (BP) are a crucial functional and structural component of PEM fuel cell (FC) stacks. Chiefly, BPs ensure electrical continuity across the stack and support the reactive gas dispensing paths. Graphite can be regarded as the current material of choice for BPs. However, this material is largely sub-optimal for the prospective massproduction and extensive applications in the automotive industry, mainly owing to: brittleness, high thickness, permeability to reactant gases and fabrication costs. Metals thus become an appealing alternative [1] [2] [3] [4] . Interest in metallic vs graphite-based BPs is due to the following reasons: (i) higher mechanical strength and toughness; (ii) vanishing permeability to gases; (iii) ease of forming. A list of target highlights of metallic BPs can be found in [5] . The counterpart of the above-listed advantages is however a series of specific drawbacks, essentially related to corrosion resistance; in fact, exposure to FC environment can cause: (i) passivation modes giving rise to an increment of ohmic drop and (ii) release of corrosion products that can damage other FC components, such as gas-diffusion electrodes, ionexchange membranes and catalysts [6] .
The principal metallic materials reported in the literature for FC applications are 304 and 316 stainless steel and an Fe8-Cr30 54-C2-Ni (balance): these materials have been tested in a selection of chemical and electrochemical environments [1, 2] . The published durability test methods include: (i) open circuit potential measurements [7] [8] [9] [10] [11] [12] [13] [14] [15] , (ii) potentiostatic polarisation [7] [8] [9] [10] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , (iii) polarisation resistance [27, 31, 32] , (iv) linear-sweep voltammetry [7, 33, 34] , (v) I-V and I-P curves and life time tests in fuel-cell *Address correspondence to this author at the Dipartimento di Ingegneria dell'Innovazione, Università del Salento, via Monteroni, 73100 Lecce, Italy; Tel: +39 0832297621, +39 0832297290; E-mail: benedetto.bozzini@unisalento.it assemblies [24, [35] [36] [37] . These electrochemical tests have been accompanied by compositional and structural measurements: for relevant details, refer to [2] . Most of the literature studies on BP corrosion have been performed in aqueous electrolytes, representing conditions that are typical of conventional, Nafion-based PEMFCs. Nevertheless, use of room-temperature ionic-liquid (RTIL)-based PEMFC is starting to attract interest, essentially because they do not exhibit the daunting water management problems that complicate practical use of PEMFCs. As far as BP material stability in ionic liquids is concerned, a very limited amount of information is currently available (for a recent review, see [4] ). The corrosivity of RTIL media depends on the chemical nature of the cationic and anionic moieties [38] as well as on the presence of water [39] , that is unavoidable in PEMFCs. In particular, stainless steel was reported to be highly resistant in anhydrous systems as well as in the presence of traces of water, localized corrosion appearing in the presence of chloride [38, 40] .
In this paper we investigate the electrochemical corrosion of AISI 304 austenitic stainless steel in contact with aqueous solutions as 1-butyl-1-methyl-pyrrolidinium bis (trifluoromethylsulfonyl) amide ([BMP] [TFSA]) RTIL. In order to simulate an environment typical of the prolonged operation of traditional, Nafion-based PEMFCs, we employed aqueous solutions containing Cl and SO 4 2 ions. The presence of SO 4 2 ions is due to Nafion degradation [2] , while that of Cl ions derives from pollution of reactant gases or to the degradation of MEA, since chlorine is employed for its production [12] . The RTIL was used in its pure form in order to emphasise its specific corrosivity. This study is based on electrochemical measurements and in situ visible reflection spectroscopy and spectroellipsometry. The combination of electrochemical and spectroscopic data, recorded simultaneously, allows an insight into corrosion processes at the molecular level, essential for knowledge-based material development and for the optimisation of corrosion performance.
EXPERIMENTAL
Two different electrolytes were employed in this research: an aqueous solutions containing H 2 SO 4 10 mM, HCl 10 mM and
For the aqueous solution, ultrapure water was used as the solvent. The experiments were carried out at room temperature. Electrochemical measurements were performed with an AMEL 5000 programmable potentiostat/galvanostat. A Ventacon cell was employed with a vertical AISI 304 stainless steel disc working electrode (WE) of diameter 5 mm, embedded into a Teflon holder; the counter electrode was a Pt wire loop (area 1.25 cm 2 ) concentric and coplanar with the WE disc; the reference electrode (Ag/AgCl (KCl 3M) for the aqueous system and Pt for the RTIL), was placed in a separate compartment, with the probe tip placed 3 mm from the rim of the WE disc. All potentials are reported on the Ag/AgCl scale. The metal surface of AISI 304 specimen, prior to measurements, was pre-treated according to the following procedure recommended in [41] : mechanical polishing with emery papers of different grades down to 2400 grit, degreasing with acetone, rinsing with bi-distilled water. At the beginning of each experiment in aqueous solution, the WE was cathodically polarized at -700 mV for 5 min to remove surface oxide and to assure reproducibility [7] . Subsequently, the samples, were subjected to anodic potentiodynamic polarisation at a scan rate of 10 mV s -1 and of 0.16 mV s -1 .
In situ visible electroreflectance (ER) spectroelectrochemical measurements were carried out with linearly polarised light at 45° incidence angle. The wavelength was selected with a grating monochromator with a spectral resolution of 7 nm. A photodiode detector was employed. The spectrometer, optics and control electronics were homebuilt. Reflectance measurements were carried out under potentiostatic conditions or by scanning the potential at a rate of 10 mV s -1 .
The spectroscopic ellipsometry of AISI 304/solution interface was measured in situ by an UVISEL Ellipsometer (Jobin Yvon). The wavelength range of incident light was 260-830 nm with the incident angle of 70°.
RESULTS AND DISCUSSION

Aqueous Electrolyte
In Fig. (1) a potentiodynamic polarisation plot is reported, measured at a scan rate of 10 mV s -1 . The activity, passivity and transpassivity regions can be clearly distinguished. By increasing the voltage, in the activity region the current density (c.d.) increases, in the passivity region it is almost constant, since the specimen surface is covered by an oxide film, and, in the transpassivity region, the c.d. increases rapidly, corresponding to the generation of pits on the surface.
We carried out ERS experiments in order to gain more insightful information on the passive film-forming behaviour. In this investigation we carried out measurements with p-polarised radiation of wavelength 570 nm. This radiation was chosen, since it lies both in the highreflectivity range of steel and in the high efficiency interval of the light source. A voltage step was applied to the electrode, switching the potential from a value corresponding to cathodically protected steel (-500 mV) to a condition in a different range of the voltage-current curve plotted in Fig.  (1) . The corresponding values of reflectivity were measured as a function of time. Three types of behaviour were observed. On stepping the potential from -500 mV to a value in the range "a", the following trend of reflectivity was observed during the time: a significant increase due to scattering caused by the activity of metal, a gradual decrease caused by the breakdown of the oxide layer due to active corrosion, tending to reach a nearly asymptotic value. The step of potential from -500 mV to a value in the passivity region gives rise to an increase of reflectivity, due to the formation of a more reflective passivating oxide layer. The voltage step into the transpassivity region leads to a sudden reduction of reflectivity due to the onset of pitting. The three types of reflectivity trends observed with ERS measures match well with the morphologies found by SEM observations of the sample surfaces after the reflectivity measurements reported above. From the micrographs of Fig.  (1) , the following conclusions can be drawn. The specimen subjected to a potential in the range "a" shows evidence of uniform corrosion; the step voltage to the range "b" leads to the formation of a passivating oxide; the step in range "c" gives rise to the onset of pitting.
The relationship between the change in reflectivity and the extent of oxidation on the surface has been further examined by recording the reflectivity-potential curve at 570 nm and the corresponding return voltammetry curve (Fig. 2) . During the anodic-going scan the reflectivity-potential curve is almost constant until 850 mV (region c), then it shows a sharp decrease (region d), with a change of slope at 1100 mV (region e). During the reverse potential sweep the reflectivity continues to decrease until a potential of about 1200 mV is reached (region f), then it stays almost constant for potentials decreasing to ca. 250 mV (region g), while is shows a recovery of intensity for potentials decreasing to ca. -250 mV (region h) and finally it remains constant (region l) for more cathodic potentials, though at values lower than the initial ones. The observed highly hysteretic reflectivity curve correlates well with the return sweep voltammogram. In fact, a constant c.d. is observed in the passivity range (region c), the regions with decreasing reflectivity correlate with transpassive corrosion (regions d, e and f) and the final increase of reflectivity in the reverse scan is related to the repassivation of the steel. The steady-state spectral modification brought about by the application of constant potentials -corresponding to the four typical corrosion conditions highlighted in the discussion of Fig. (1) -was measured by comparing the normalised reflectivity curves derived from in situ spectroellipsometric measurements [42] (Fig. 3) . It can be noticed that the large changes in absolute reflectivity at fixed wavelength observed in Figs. (1, 2) correspond to limited changes in the spectral behaviour: in fact qualitative relative reflectivity modifications can be detected only at the highest investigated energies in the presence of scattering by the pits produced at high anodic polarisations. These results emphasise the importance of time-dependent, rather than wavelength-dependent measurements for corrosion monitoring of stainless steels. Fig. (2) . Reflectivity-potential and current-potential curves of the AISI 304 electrode in electrode in H 2 SO 4 10 mM, HCl 10 mM. Potential scan rate 10 mV s -1 ; wavelength 570 nm.
Room-Temperature Ionic-Liquid
In Fig. (4) the CV of AISI 304 in [BMP] [TFSA] is compared with those measured with glassy carbon (GC) and Pt. The CV of GC is essentially the same as that reported in [43, 44] . Anodic and cathodic decomposition of the RTIL occur at about 1.6 and -2.9 V. With AISI 304, the electrochemical window is limited cathodically by catalyzed RTIL decomposition. The small peaks can be due to selective adsorption or reorientation of the RTIL ions -as discussed in [45, 46] -as well as to some degree of reactivity of the organic [43] . With Pt the electrochemical window is limited also anodically by Pt-catalysed RTIL decomposition. These results show an outstanding anodic stability of AISI 304 in the investigated RTIL: in fact lower oxidation current densities were found with stainless steel than with GC and Pt, witnessing lower reactivity of both electrodic material and electrolyte. This shows that AISI 304 is a potentially highly inert material for RTIL-based PEMFC BPs.
In order to investigate more comprehensively the outstanding stability of AISI 304 demonstrated by the quasistationary electrochemical results of Fig. (4) and in order to test the material beyond the normal range of use of fuel cells [2] , we measured time-dependent reflectivity at high anodic polarisation, yielding a highly sensitive response to relative changes in surface chemistry and topography caused by corrosion. In Fig. (5) we show c.d. and reflectivity (wavelength 570 nm) transients following the application of the potential of 2.5 V vs Pt (QRE). In both curves a sharp decrease of the measured values is observed reaching an asymptotic value after about one hour. After 36 hours the reflectivity is further reduced almost to zero, while the current is essentially constant and very low in absolute value. These results show that, under extreme oxidising conditions, the steel surface forms a rough, but highly protecting layer, incorporating both corrosion products from the metal and oxidation products of the RTIL. 
CONCLUSIONS
In this paper we simulated the operating conditions of AISI 304 PEMFC bipolar plates in aqueous and roomtemperature ionic-liquid environments and we followed the damage evolution by in situ visible spectroscopic methods. The pitting behaviour in Cl -containing sulphate-based aqueous solution and the roughening in [BMP][TFSA] were followed by simultaneous monitoring of current density and reflectivity as a function of applied potential and time. In the aqueous system, the pitting threshold potential was located with much higher accuracy than with an exclusively electrochemical approach and the depassivationrepassivation dynamics was followed in terms of both passive film healing and irreversible roughness buildup. The results show that the investigated material is able to withstand typical PEMFC operating conditions and to selfheal in the case of occasional, unlikely excursions into the damaging range. From the point of view of in situ monitoring, we have assessed quantitatively -on the basis of the comparison between electroreflectance and in situ spectroellipsometric data -that single-wavelength work in the visible range is highly diagnostic of the surface conditions. As far as the RTIL environment is concerned, AISI 304 has been proved to show an outstanding inertia in anodic conditions: both metal dissolution and electrolyte decomposition rates are vanishing for the AISI 304 / [BMP][TFSA] system. In particular, this system exhibits higher inertness than either GC or Pt, suggesting that this steel is of potential interest not only for PEMFC BPs, but also as an insoluble anode for other electrochemical industrial processes employing RTILs. Electrochemical and spectroelectrochemical tests under high oxidative stress conditions have shown that, after a few hours of operation, AISI 304 does tend to roughen, but it exhibits a negligible corrosion rate, confirming the excellent anodic performance of this material combination also under possible incidental conditions.
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